Non-Oncogene Addiction and the Stress Phenotype of Cancer Cells  by Solimini, Nicole L. et al.
Non-Oncogene Addiction and the Stress 
Phenotype of Cancer Cells
Nicole L. Solimini,1 Ji Luo,1 and Stephen J. Elledge1,*
1Howard Hughes Medical Institute and Department of Genetics, Center for Genetics and Genomics, Brigham and Women’s 
Hospital, Harvard Medical School, Boston, MA 02115, USA
*Correspondence: selledge@genetics.med.harvard.edu
DOI 10.1016/j.cell.2007.09.007
Heat-shock factor 1 (HSF1) is a transcription factor that is activated upon proteotoxic 
stress and coordinates induction of the heat-shock response. In this issue, Dai et al. (2007) 
show that HSF1 is a potent modifier of tumorigenesis and is required for tumor initiation 
and maintenance in a variety of cancer models. These findings add HSF1 to a growing list 
of non-oncogenes that could be exploited as cancer drug targets.Cancer  cells  harbor  vast  numbers 
of  genetic  and  epigenetic  alterations 
including  point  mutations,  deletions, 
rearrangements, amplifications,  trans-
locations,  and  transcriptional  silenc-
ing. As  large  sequencing efforts  have 
shown, many  of  these  alterations  are 
likely  to  be  coincidental  (Sjoblom  et 
al.,  2006), whereas  a  select  few arise 
nonrandomly  and  drive  the  cancer 
phenotype. Among this latter category 
are activating mutations in oncogenes, 
such as receptor tyrosine kinases and 
the small GTPase Ras. Because many 
cancers  require  increased  activity  of 
these  oncogenes  for  tumor  initiation 
and  maintenance,  this  dependence 
has been coined “oncogene addiction” 
(Weinstein,  2002).  Substantial  efforts 
have been devoted to the development 
of cancer therapeutics targeting onco-
genes, and notable successes for this 
strategy  include  the  tyrosine  kinase 
inhibitors Gleevec (which blocks BCR-
Abl) and Iressa (which blocks EGFR).
Despite the focus on oncogenes as 
targets  of  cancer  therapeutics,  there 
are  solid  genetic  arguments  based 
on experimental  evidence  for a  larger 
class of drug targets that are not onco-
genes but if targeted could be equally 
effective at treating cancer. For exam-
ple, not every protein in a given tumor-
promoting  pathway  can  be  activated 
by mutations  or  overexpressed  to  an 
extent that directly promotes oncogen-
esis. However, many if not all of these 
proteins  can  be  rate-limiting  to  their 
pathways and represent potential drug 986  Cell 130, September 21, 2007 ©200targets.  We  term  this  phenomenon 
“non-oncogene addiction” in reference 
to the increased dependence of cancer 
cells on the normal cellular functions of 
certain  genes,  which  themselves  are 
not classical oncogenes.
In this  issue, Lindquist and her col-
leagues  illustrate  an  example  of  non-
oncogene  addiction  by  uncovering 
a  surprising  and  critical  role  of  heat-
shock factor 1 (HSF1) in tumorigenesis 
(Dai et al., 2007). HSF1 is a transcrip-
tion factor that is activated by a variety 
of protein-denaturing cellular stresses 
including  heat  and  hypoxia.  In  turn, 
HSF1 controls the expression of heat-
shock  proteins  that  promote  protein 
refolding,  prevent  protein  aggrega-
tion, and target misfolded proteins for 
destruction.  The  investigators  dem-
onstrate  that HSF1 deficiency  in mice 
protects  against  tumorigenesis  both 
in the classical chemical skin carcino-
genesis model and in a genetic model 
driven by a clinically relevant oncogenic 
mutation in p53 (p53R172H). Although not 
completely  tumor-free,  mice  lacking 
HSF1 exhibit a much lower incidence of 
tumors, display reduced tumor burden, 
and  exhibit  increased  survival  when 
compared to their wild-type littermates. 
The authors extended these findings to 
human malignancies  by  showing  that 
the viability of multiple cancer cell lines 
was  decreased  following  knockdown 
of HSF1 by  short  hairpin RNAs  (shR-
NAs).  Interestingly,  these  same  HSF1 
shRNAs  had  only  minimal  impact  on 
the viability of normal cells such as pri-7 Elsevier Inc.mary mammary epithelial cells and WI-
38 human lung fibroblasts, suggesting 
that  tumor  cells  have  a much  greater 
dependence  on  HSF1  function  than 
normal cells.
How might HSF1 function in tumori-
genesis?  No  somatic  mutations  in 
HSF1  have  been  identified  in  human 
cancers thus far, and the authors show 
that  unlike  mutant  Ras,  overexpres-
sion of HSF1 was unable to transform 
immortalized mouse  embryonic  fibro-
blasts  (MEFs).  Instead,  MEFs  lacking 
HSF1  are  refractory  to  transforma-
tion  induced  by  either  oncogenic  H-
RASV12D  or  PDGF-B,  show  markedly 
decreased  proliferation  following  H-
RASV12D or PDGF-B  transduction, and 
exhibit  increased  cell  death  following 
transduction of c-MYC or Large T Anti-
gen.  These  lines of  evidence  suggest 
that HSF1 provides critical relief to the 
stress experienced by cancer cells.
One plausible mechanism by which 
HSF1  functions  is  through  the  induc-
tion of the heat-shock protein HSP90, 
which  has  been  implicated  in  tumori-
genesis and is overexpressed in a vari-
ety of cancers (Whitesell and Lindquist, 
2005).  HSP90  forms  a  complex  with 
its  substrate  targeting  subunit Cdc37. 
This  complex  stabilizes  a  number  of 
key regulators of cell proliferation and 
survival  such  as  the  kinases  Cdk4, 
HER2/ErbB2, and Akt. The anticancer 
drug  geldanamycin  inhibits  the  chap-
erone activity of HSP90 by interacting 
with  HSP90’s  ATP-binding  pocket, 
leading  to  destabilization  of  its  client 
proteins.  Reduction  of  these  client 
kinases  has  been  proposed  to medi-
ate  geldanamycin’s  antitumorigenic 
properties. Similarly, the authors show 
multiple signaling defects in HSF1-defi-
cient MEFs including attenuated MAPK 
signaling by downregulation of KSR (a 
scaffold  for  the  Erk-MAPK  pathway), 
increased mitogen dependence of pro-
tein translation due to decreased ribo-
some biogenesis and mTOR signaling, 
and  increased  tolerance  of  glucose 
deprivation  indicating  a  possible  shift 
from  aerobic  glycolysis  to  oxidative 
phosphorylation.
Although a supporting role for HSF1 
in an oncogenic melodrama  is attrac-
tive, a model for non-oncogene addic-
tion  with  potentially  greater  ramifi-
cations  for  cancer  treatment  would 
argue  that  cancer  cells  experience 
high  levels  of  proteotoxic  stress  and 
rely  upon  stress  response  pathways 
for  survival  and  proliferation.  Cancer 
cells  are  known  to  exhibit  high  levels 
of  reactive  oxygen  species,  sponta-
neous DNA damage,  and aneuploidy, 
each of which represents a form of cel-
lular  stress.  The  importance  of  aneu-
ploidy as a factor in cellular stress was 
established  in a  recent study  in yeast 
where  the  presence  of  even  a  single 
extra chromosome  induced activation 
of  the environmental stress and heat-
shock responses  (Torres et al., 2007). 
Aneuploidy  in  cancer  cells  is  likely  to 
result  in  severe  imbalances  of  com-
ponents  of  protein  complexes.  These 
imbalances  might  burden  chaperone 
and proteasome pathways, thus com-
promising  folding  of  essential  cellular 
proteins and leading to the higher lev-
els of heat-shock proteins observed in 
many tumors (Whitesell and Lindquist, 
2005).  Thus,  cancer  cells  are  highly 
dependent upon  these general  stress 
responses, providing examples of non-
oncogene addiction (Figure 1).
A variety of cancer drugs exist that 
either directly inactivate components 
of these responses (such as geldana-
mycin) or exacerbate the stress (such 
as the proteasome inhibitor Velcade) 
to  accomplish  their  antitumorigenic 
effects.  In  accordance  with  this 
notion, aneuploidy in yeast increases 
sensitivity to both geldanamycin and 
proteasome  inhibitors  (Torres  et  al., Figure 1. Cellular Stress Pathway Activation in Cancer Cells Leads to Non-
 Oncogene Addiction
Cancer cells exhibit  increased dependence on several  stress  response pathways  including  those 
for oxidative damage, DNA damage, and heat-shock. The heat-shock response in tumor cells oc-
curs through HSF1 activation and results  in transcription of heat-shock proteins (HSPs) and other 
chaperones. Upregulation of  the heat-shock  response  in cancer cells could alleviate  the negative 
effects of  increased protein dosage due to aneuploidy, competition among proteins  for access to 
chaperones, increased protein turnover, and proteasome stress. Similarly, elevated levels of reactive 
oxygen species (ROS) and aberrant DNA replication in cancer cells lead to persistent DNA damage 
that requires the DNA-damage response to provide genetic stability and cell survival. A star (*) denotes 
sites of therapeutic intervention in these pathways where inhibitors of non-oncogenes such as HSP90 
(geldanamycin), the proteasome (Velcade), or Chk1 (CHIR-124) exploit these dependencies of cancer 
cells to achieve their therapeutic efficacy. Additional stresses in cancer cells (not shown) include meta-
bolic/energy stress, ER stress, mitochondrial stress, and membrane stress.2007).  Similarly,  blocking  the  DNA-
damage  response  with  inhibitors  of 
the  checkpoint  kinase  Chk1  shows 
promise  in  the  preferential  killing  of 
cancer cells (Chen et al., 2006; Tse et 
al., 2007). Although it seems counter-
intuitive that a pathway that normally 
serves to restrain proliferation would 
protect a cancer cell, the DNA repair 
and maintenance of genomic stability 
afforded by  this pathway could save 
a  cancer  cell  from death  due  to  the 
occurrence  of  persistent  DNA  dam-
age. In support of this notion, breast 
cancer  cells  from  Brca2-deficient 
tumors  show  a  strong  dependency 
on the DNA stress protein poly ADP-
ribose polymerase  (PARP).  Inhibition 
of PARP in these cells aggravates the 
DNA-damage stress response to the 
point of lethality (Bryant et al., 2005). 
Thus, activation of the DNA-damage 
response in tumor cells can be viewed 
as a type of non-oncogene addiction 
that critically supports tumor growth.Cell 130, SeptThe  landscape  of  non-oncongene 
addiction is vast and unexplored and 
is  likely  to provide a  rich harvest  for 
new  cancer  drug  targets.  By  defini-
tion, genes involved in such pathways 
will  evade  detection  by  sequencing. 
The  extensive  alterations  in  gene 
copy number and transcriptional pro-
file found in most tumors make it dif-
ficult  to  pinpoint  functionally  critical 
pathways  for  non-oncogene  addic-
tion.  However,  recent  advances  in 
RNA interference (RNAi) have begun 
to  systematically  reveal  the  depen-
dence  of  tumors  on  non-oncogene 
addiction  pathways  through  cancer-
lethal  screens.  Through  such  unbi-
ased  genetic  screens  that  identify 
non-oncogenes  like  HSF1,  whose 
functions  are  critical  to  cancer  cells 
but  dispensable  to  normal  cells,  the 
hidden  stresses  and  vulnerabilities 
associated with the malignant lifestyle 
should be revealed for new opportu-
nities in cancer therapeutics.ember 21, 2007 ©2007 Elsevier Inc.  987
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Synaptic  plasticity,  widely  consid-
ered  the  cellular  basis  for  learning 
and memory,  is mediated in the hip-
pocampus  largely by changes  in the 
number  of  AMPA-type  glutamate 
receptors  (AMPARs)  on  individual 
“spines”  protruding  from  the  den-
dritic  plasma  membrane  (Malenka 
and Bear, 2004). Each spine mediates 
a  distinct  synaptic  input,  and  under 
physiological  conditions,  plasticity 
occurs selectively at some synapses 
but not others. How do neurons mod-
ify the number of AMPARs selectively 
on individual spines?
In a recent issue of Neuron, Lu et al. 
(2007) provide an important clue based 
on  their studies of AMPAR endocyto-
sis.  Clathrin-dependent  endocytosis 
of  AMPARs  is  stimulated  by  synaptic 
activity and occurs primarily in regions 
of the plasma membrane termed post-
synaptic  endocytic  zones  (EZs).  EZs 
are  localized  in  the  spine  adjacent 
to  a  dense  network  of  scaffold  pro-
endocytosis o
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teins  called  the  postsynaptic  density 
(PSD) (Figure 1). Lu et al. hypothesized 
that  Homer—a  protein  that  is  highly 
expressed in neurons and binds to both 
the PSD-embedded protein Shank and 
the endocytic protein dynamin-3 (Gray 
et  al.,  2003;  Tu  et  al.,  1999)—could 
be  the  lynchpin  in a series of  interac-
tions  that  physically  links  the  EZ  to 
the PSD. To test  this hypothesis,  they 
inhibited the interaction of Homer with 
either Shank or dynamin-3 in cultured 
neurons  by  overexpressing  mutant 
versions  of  dynamin-3  or  Shank  that 
could  not  bind  to  Homer  and  then 
used  fluorescence  microscopy  to 
examine effects on  the  localization of 
EZs. Consistent with their hypothesis, 
EZs  became  mislocalized  away  from 
synapses  when  interactions  between 
dynamin-3 and Homer, or Homer and 
Shank,  were  disrupted.  Furthermore, 
depleting endogenous dynamin-3 from 
hippocampal neurons using RNA inter-
ference  also  caused  the  mislocaliza-
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Rev. Cancer 5, 761–772.tion of EZs. In these neurons, expres-
sion  of wild-type  dynamin-3—but  not 
dynamin-3  mutants  lacking  domains 
required for oligomerization or binding 
to Homer—rescued appropriate  local-
ization of EZs adjacent to the PSD.
These  results  indicate  that  a mul-
timeric  protein  complex  involving 
Homer keeps the EZ closely situated 
at  the  periphery  of  dendritic  spines. 
But what is the functional significance 
of this exquisite spatial organization? 
Lu et al. observed that mislocalization 
of  EZs  selectively  inhibited  AMPAR 
endocytosis  but  not  clathrin-depen-
dent  endocytosis  of  transferrin,  a 
distinct  cargo  that  is  endocytosed 
primarily from extrasynaptic regions. 
More  surprisingly,  despite  markedly 
delayed  endocytosis  of  AMPARs  in 
neurons  where  EZ  localization  was 
disrupted,  the  steady-state  number 
of AMPARs present  on  spines  actu-
ally  decreased.  This  result,  estab-
lished  initially  by  antibody  staining, 
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